Prostate carcinoma (and other prostate irregularities and abnormalities) is detected in part via the digital rectal examination. Training clinicians to use particular palpation techniques may be one way to improve the rates of detection.
Prostatecanceri s one of the most common causes of death in American men, with an estimated 189,280 new cases during 2009. 1 Although the digital rectal examination (DRE) complements the prostate-specific antigen blood test as a valuable screening examination, 2 its variable positive predictive value (17%-34% 1 ) and low agreement on diagnosis between examiners (21%-40% 3,4 ) seems to indicate a need for enhanced clinical examination training. Concurrently, hands-on training is being increasingly emphasized and conducted in medical and nursing schools via standardized patients or physical simulators 5, 6 and has a positive effect on clinical performance. 7 In addition to the training devices and protocols being designed as training aids, we also need to better understand how the employment of particular techniques impact performance.
Hands-on techniques have been studied for the clinical breast examination and include global finger movement (GFM) for the search of abnormalities over the entire breast, local finger movement (LFM) for the palpation of small areas of the breast, and levels of finger pressure for adequate search through the tissue depth. 8 -10 A range of studies show that certain techniques increase clinical breast examination effectiveness by increasing the mean lump detection rates at a statistically significant level, 11, 12 sometimes doubled from pre-to post-test. 8, 13 Very few studies have assessed specific hands-on techniques relative to the DRE. However, Balkissoon et al 14 found a DRE simulator useful in determining that students as opposed to experienced clinicians used different palpation techniques.
Palpation techniques have begun to be quantitatively defined by building on qualitative definitions. With respect to the female pelvic examination, the E-Pelvis simulator was used to track the motion of the finger over force sensors embedded in silicone. Three characteristic palpation practices emerged (number of critical areas touched, frequency at which areas were touched, and maximum pressure exerted), which correlated with ability to diagnose simulated find-ings. 15 In addition, our group has sought to characterize palpation techniques for the clinical prostate examination using a custom-built simulator that can present abnormalities in various configurations and record finger movement. 16 That work quantified three palpation techniques [GFM, LFM, and average intentional finger pressure (AIFP)] based on the qualitative, clinical definitions. A human-subjects study revealed that one's pattern of LFM (firm pressure with varying intensity, in particular) strongly impacted his ability to detect abnormalities, and that more thorough patterns of GFM led to greater success. Differences between novices and experts were also evaluated.
This work investigates more specifically whether the use of certain finger palpation techniques improves one's ability to detect abnormalities smaller in size (5, 10, and 20 mm) and dispersed as multiples (one vs. two) over a volume. Abnormality size and examiner thoroughness are factors particularly relevant to clinical detection. Furthermore, we used test cases that link both with clinical findings and limits of human tactile detection. Because of the notable impact that the LFM of firm pressure with varying intensity played previously on abnormality detection, this work introduces a fourth palpation technique, dominant intentional finger frequency (DIFF), which analyzes the varying intensity.
METHODS
A human-subjects experiment was conducted with 34 participants using the Virginia Prostate Examination Simulator (VPES). Postexperiment analysis was conducted to evaluate four objectives: (1) whether those participants who detect more than one abnormality in a prostate apply a more thorough GFM (U pattern that covers four sensors compared with a V or L pattern that covers three sensors and Line pattern that covers only two sensors), (2) whether the LFM pattern of firm pressure with varying intensity is required to detect the smallest (5-mm diameter) of abnormalities, (3) whether greater AIFP will be required to detect relatively smaller abnormalities (ϳ20, 10, and 5 mm), and (4) whether a higher DIFF will be required to detect relatively smaller abnormalities.
Apparatus: VPES
The VPES (Figs. 1A-C) uses rubber-like materials to simulate the feel of tissue, a computer, valves, and a pump to create test scenarios by inflating with water, small embedded balloons, and pressure sensors to record finger pressure. 5 Three instrumented prostates ( Fig. 1D) with dimension of 55 mm (transverse, width dimension) by 50 mm (longitudinal, length dimension) are attached to a track system (Fig. 1E) internal to a posterior torso. The stiffness of the instrumented prostates, evaluated via compression tests, yielded an elastic modulus of ϳ55 kPa.
Each prostate was embedded with four to six polyethylene balloons. Balloons are filled with water to simulate palpable abnormalities, whereas deflated balloons are not palpable. With this feature, both normal and abnormal prostate conditions including prostatitis (enlarged and boggy inflammation) and carcinoma (small and firm isolated nodule) can be simulated by varying the configurations of balloons in size and location. Balloons of different sizes are positioned in unique locations for each instrumented prostate. Four spherical balloons (5, 7.5, 10, and 15 mm diameter) were used along with one elongated (E) balloon (30-mm length ϫ 15-mm width ϫ 10-mm height).
Using water pressure and force sensors, the VPES captures the finger pressure used on both inflated balloons and the entire prostate. The finger pressure is recorded for postexam analysis. Water pressure sensors (SenSym Pressure Sensor, Model SX100DD4, Honeywell, Golden Valley, MN) on each balloon are sampled at a rate of three samples per second. Force sensors (Tekscan, South Boston, MA, Flexiforce 0 -1 lb range) embedded in each instrumented prostate were used to record the location and magnitude of applied finger pressure during palpation at 1000 samples per second over the ϳ30 seconds time interval of the examination.
Example Data Collection
Force sensor data were used to characterize finger movements, whereas the balloon sensor data were used to determine the interval over which local palpation techniques were analyzed (ie, LFM, AIFP, and DIFF). Example data from assessment scenario 3 are plotted in Figure 2 . Spikes in the balloon pressure data indicate if a simulated abnormality was palpated. In this example, the 5-mm balloon went untouched over the 30-second period, whereas the 10-mm balloon was palpated multiple times (upward spike; circle "A" in Fig. 2) . Moreover, when this balloon was palpated, the magnitude of finger pressure for nearby sensors 1 and 4 increases while that applied to sensor 2 decreases (circle "B"). 
High-Level Algorithms
DIFF is introduced in this work. The other three palpation techniques-GFM (U, V, L, and Line), LFM (repetitive tapping, firm pressure with varying intensity, and sliding), and AIFP-have been presented in greater detail elsewhere 16 and therefore are detailed here only at a high level.
Global Finger Movement GFM is defined as the systematic movement of one's finger over the entire prostate in search of abnormalities. Four patterns are defined as U, V, L, and Line ( Fig. 3 ) with deviations in orientation recognized.
The algorithm to identify the GFM follows two main steps. First, the initial pressure on the kth sensor data at time t (S t k ) is discretized (bit 1 k ) into binary values (0 or 1) every 16 milliseconds for each sensor to create a state for the group of four sensors (eg, 0000, 0110, or 1111) via Eq. (1). The g_threshold is set at 0.05 N to indicate intentional pressure exerted by an examiner's finger.
The resultant bit values for sensors 1 to 4 are used to identify a sensor state at time t (state t ). The states range from 0000 to 1111. The leftmost bit stands for sensor 1 and the rightmost bit for sensor 4. A bit is set as 1 when a sensor is triggered and 0 otherwise. For example, a state defined as 0111 specifies a point in time whereby sensors 2, 3, and 4 are triggered simultaneously, while sensor 1 is untouched.
As noted in the example in Figure 2 , the identified GFM by the analysis tool (written in the C# programming language) is displayed ( Fig. 4A ), where the "L" GFM was identified and is shown with lines and arrows. Although a participant may use more than one GFM pattern during an examination, the pattern classified is the single one used for the longest duration.
Local Finger Movement LFM is defined as palpation by finger movement within a single quadrant of the instrumented prostate or near a single abnormality. An LFM is typically used in the palpation of small areas to isolate suspected abnormalities. The three patterns are defined as repetitive tapping, firm pressure with varying intensity, and sliding. These are presented below and shown with their corresponding parameters in Figure 5 .
The LFM pattern of repetitive tapping (Fig. 5A ) is defined as an examiner striking briefly on a small area in an intermittent fashion. With the pattern of firm pressure with varying intensity (Fig. 5B) , an examiner maintains his or her finger contact with a single area but shifts the weight of the finger (eg, proximally distally or laterally medially). A sliding pattern ( Fig. 5C ) is identified when an examiner moves the finger smoothly over a defined area without stopping. Often examiners locally isolate an abnormality, with a repetitive tapping or firm pressure with varying intensity, after their global search hints at a suspected area. In contrast, the sliding pattern likely represents the continuous movement of one's finger across a sensor (ie, low-magnitude spikes observed when the finger is far from the sensor's center and highmagnitude spikes when the finger passes over the sensor's center). The sliding pattern may represent failure to notice an abnormality in one's global search. Figure 4B indicates the identification of the pattern of firm pressure with varying intensity by the analysis tool on sensor 4 lasting for 2.24 of the 3.50 seconds analysis period over which balloon C was palpated.
Average Intentional Finger Pressure AIFP is defined as the pressure applied on each of the four force sensors over the duration of the examination. Force greater than the p_threshold (0.05 N) is averaged for each sensor (k) given the analysis period (T), Eq. (2).
As shown in Figure 4C , the AIFP for the example was computed over the entire examination for sensors 1 to 4 as 0.45, 1.21, 0.27, and 1.06 N, respectively. Dominant Intentional Finger Frequency DIFF is used in the palpation of a simulated abnormality. This analysis is done when a participant's LFM has been defined as firm pressure with varying intensity. DIFFs were 
Once the data has been converted to a discrete Fourier transform [transform(k)], the power at each of the various frequencies is obtained to give the power spectrum [power(k)], Eq. (4).
An analyzed frequency range of 5 to 32 Hz was setup, with the nth frequency (freq n ) in that range calculated via Eq. (5). The lowest (lf) and highest (hf) finger frequencies are set to 5 and 32 Hz. This particular frequency range has physiological implications, because slowly and rapidly adapting mechanoreceptors in fingertip skin are most sensitive to vibration in the 5 to 30 Hz 17 range. The sampling frequency (sf) of 64 Hz was double the Nyquist frequency (hf).
Finally, the dominant frequency (DIFF) is identified as the frequency of greatest power where Y is the vector of power(k), Eq. (6).
In an example analysis of DIFF, a set of data from force sensor 4 and a balloon sensor are shown in Figure 6A . From that dataset, a subsection of the force sensor data, over a period of intentional balloon palpation, were isolated in Figure 6B . Then, from this dataset, a series of finger frequencies were extracted (Fig. 6C) . The frequency (5.59 Hz) with the largest power number (3.41) is identified as the DIFF.
Experiment
Participants Thirty-four participants, including 18 nurse practitioner students and 16 resident physicians, were enrolled in the human-subjects experiment that was approved by the Institutional Review Board at the University of Virginia. There were 10 men and 24 women, ranging in age from 23 to 47 (mean ϭ 31.47, SD ϭ 6.79) years. Sixteen participants had performed at least 10 DREs in the clinic, another 5 had performed at least one, and 13 had performed none. Seventeen participants had practiced with silicone models on a prior occasion.
Procedure Participants performed three tasks over 40 minutes: (1) the experience questionnaire, (2) the 5-minute hands-on orientation, and (3) the 20-minute hands-on assessment session. Two proctors jointly facilitated this process. The first proctor facilitated the paperwork, hands-on orientation, and assessment sessions and recorded the participant's verbal report of any detected abnormalities (on a standardized score sheet in which data were the size, location, and hardness of an abnormality). The second proctor configured the scenarios and controlled the order of the scenarios presented to each participant, because the first proctor was blind to the scenario of abnormalities being presented. The proctors had been trained in a preliminary experiment. During the orientation and assessment sessions, a total of seven scenarios in either normal or abnormal (prostatitis or carcinoma) states were simulated using three instrumented prostates. Orientation scenario 1 simulated a normal prostate, orientation scenario 2 filled a large, elongated balloon covering sensors 2 and 3, and orientation scenario 3 filled a 15-mm balloon covering sensor 2. Immediately after each orientation scenario, the proctor pointed out the simulated abnormalities on a printed figure. No instructions on techniques to use were provided during the orientation nor were participants allowed to view the simulator's immediate feedback display. The orientation scenarios were not included in the analysis.
Assessment Session and Scenarios
Assessment scenarios 1 to 4 are shown in Figure 7 and are presented in a randomized order. Over the 20-minute assessment session, each participant was given 30 seconds, which is an appropriate duration for the clinical examination, to palpate each of four scenarios and was instructed to report any abnormalities found over the entire prostate. After palpating within each scenario presented, the participant identified any abnormalities to the proctor, indicating their approximate size and location. To get at the limits of clinical detectability, we used 5-mm balloons as the smallest size. A previous psychophysical experiment had shown that this size was detected at reasonable perceptual limits, being detected 55% of the time at a 10-mm depth and 95% of time at the 5-mm depth. 18 In contrast, 4-mm balloons at the 5-mm depth were detected Ͻ75% of the time.
Dependent and Independent Variables
The dependent variables were based on performance, ie, the correct or incorrect detection of a simulated abnormality. The four independent variables were the quantified palpation techniques, ie, GFM, LFM, AIFP, and DIFF.
Analysis Methods
Logistic regression, t tests, and confidence intervals were used in the analysis of the four objectives. Statistical Analysis System, version 9.1, software was used. The data were grouped into three datasets: dataset 1, overall regression model (independent variable impact on performance); dataset 2, objective 1 (abnormality number and GFM); and dataset 3, objectives 2 to 4 (abnormality size and LFM, AIFP, and DIFF). Dataset 1 contained 198 observations (34 participants ϫ all 6 abnormalities). Note that the independent variable DIFF was not included in the regression model, because it is only used when analyzing a particular LFM (firm pressure with varying intensity) and therefore is not assigned a value for other LFMs. Dataset 2 comprised 68 observations (34 participants ϫ 2 assessment scenarios; ie, scenarios 2 and 3). Because only GFM was analyzed, we considered just the two scenarios with more than one abnormality. Dataset 3 comprised 102 observations (34 participants ϫ 3 abnormalities) using the following three abnormalities: E in assessment scenario 2, 15 mm in assessment scenario 2, and 5 mm in assessment scenario 3. Because the three abnormalities were located in the right side of the prostate, the impact of lateral location was minimized.
RESULTS
The data were analyzed in accordance with the four study objectives. Results related to the overall logistic regression model and the four study objectives are detailed in the subsections.
Overall Logistic Regression Model
The logistic regression model [Eq. (7)] was used to determine those independent variables that most significantly impact performance.
Among the variables, P represents the probability that the abnormality was detected. Global_variables are indicators for the three GFM patterns (U, V, and L) with Line as the reference level. Local_variables are indicators for the two LFM patterns (repetitive tapping and firm pressure with varying intensity) with sliding as the reference level. AIFP is a continuous variable.
The results indicate that LFM was significantly more important in abnormality detection than GFM or AIFP (Table 1) .
Objective 1: Do Those Participants Who Detect More Than One Abnormality in a Prostate Apply a More Thorough GFM Pattern?
Participants who used a more thorough GFM pattern (ie, V or L that covers three sensors) performed better in detecting both simulated abnormalities than those using the Line pattern (ie, that cover only two sensors). In assessment scenario 2, among participants who detected both abnormalities, 4 of 5 (80.00%) used either a V or L pattern; among participants who detected just one abnormality, 10 of 15 (66.67%) used a V or L pattern (Table 2 ). In contrast, among participants who failed to find an abnormality, 10 of 14 (71.43%) had used the Line pattern. The same trend held in assessment scenario 3. The V and L patterns were most prominently used by those who detected both abnormalities (100%). The Line pattern again yielded worse performance, with no correct detections of both abnormalities and 7 of 15 incorrect detectors of abnormalities having used this pattern. Utilization of the U pattern, whereby all four force sensors were touched, was identified only twice.
Objective 2: Is the LFM Pattern of Firm Pressure With Varying Intensity Required to Detect the Smallest Abnormalities?
Firm pressure with varying intensity was the only pattern of LFM that led to the detection of the smallest (5 mm) abnormality, ie, 7 of 7 (100%) in Table 3 . In addition, this pattern was used consistently across the other sizes of abnormalities, ie, 22 of 25 (88%) for the E balloon and 9 of 12 (75%) for the 15-mm balloon. 
Objective 4: Is a Higher Finger Frequency (DIFF) Required to Detect Relatively Smaller Abnormalities?
Participants did not increase their finger frequency when localizing small-sized abnormalities, but we do find that participants tend to use frequencies near 6 Hz consistently. The mean DIFF values applied by the 38 correct detectors on abnormalities E size, 15 and 5 mm were 5.78 (SD ϭ 0.53), 5.76 (SD ϭ 0.68), and 6.16 (SD ϭ 0.91) Hz, respectively (Table 4) . Although these values are not significantly different, the DIFF range does increase as the size of the simulated abnormality decreases. DIFF was also evaluated between correct and incorrect detectors of abnormalities. The mean DIFF values used by the 12 incorrect detectors on abnormalities E size, 15 and 5 mm were 6.51 (SD ϭ 1.00), 6 .32, and 6.82 (SD ϭ 3.29) Hz, respectively. The DIFFs were nearly equal between correct and incorrect detectors, although slightly higher and more variable for incorrect detectors.
DISCUSSION
This study sought to determine whether the use of certain finger palpation techniques improves one's ability to detect abnormalities smaller in size and dispersed as multiples over a volume. Abnormality size and examiner thoroughness are factors particularly relevant to clinical detection. The results show that utilization of the LFM pattern of firm pressure with varying intensity seems to be required to detect the smallest abnormalities (5-mm diameter) and that the dominant palpation frequency associated was approximately 6 Hz. In addition, those who used the V or L GFM patterns, where more area is palpated, found a greater number of abnormalities in a single prostate. Comparing the utility of the three palpation techniques, the logistic regression model indicated that LFM was a significantly better predictor of performance than GFM or AIFP.
Those who used the LFM pattern of firm pressure with varying intensities detected more abnormalities of all sizes, especially the smallest size. The dominant frequency used was approximately 6 Hz across participants, consistently at or lower than 10 Hz, and increased only slightly as the abnormality size decreased. This frequency lies in a range that elicits a response from both slowly adapting (Merkel cells) and rapidly adapting (Meissner's corpuscles) receptors in fingertip skin. 17 These receptors assist in resolving spatial differences, which may enhance one's spatial detection and discrimination. In addition, because skin mechanoreceptors are about 10 times more responsive to dynamic stimuli than to static, 19 varying one's finger on the substrate may enhance his or her ability to detect smaller objects. A further analysis of DIFF also showed that incorrect detectors of abnormalities used a frequency of approximately 6 Hz similar to correct detectors. This seems to be a preferred frequency. This finding also indicates that the utilization of the 6 Hz frequency does not guarantee detection, although the number of correct detectors (22, 9, and 7; total ϭ 38) was greater than the number of incorrect detectors (4, 1, and 7; total ϭ 12) across the three abnormalities (E size, 15, and 5 mm).
Although the correlation of GFM and AIFP with correct detection was not as strong as for LFM, both measures reveal interesting insights. The use of the V or L GFM patterns, where greater area is palpated, increases the number of abnormalities detected in a single prostate, compared with the Line pattern. This links with literature on the qualitative employment of palpation techniques, whereby it is consistently acknowledged that a main factor in tumor palpation is that the examiner systematically covers the entire area. 8 -10,15 As for AIFP, although the finger pressure used did monotonically increase for correct detectors of incrementally smaller tumors, the magnitude differences were not statistically significant. This was in part because of a wide variance in finger pressure used between examiners.
Clinical Applicability of the Palpation Techniques
Although several studies have evaluated genitourinary skills training, 20, 21 we found few studies to date that analyze the finger palpation techniques used during a DRE. In one in particular, however, the authors found that medical students were more likely to supinate and pronate their finger as opposed to sweeping across the gland as did the experienced clinicians. 14 This is not only an inadequate DRE but will also miss the lateral aspects of the prostate where prostate cancer is most likely to occur. Poststudy, one-on-one interviews with the participants found that the videos and textbooks the students used to learn the DRE did not adequately address all the palpation maneuvers. Similarly, medical students at the University of California, Irvine, have ranked standardized patient digital rectal examinees as more valuable than either didactic lectures or tutorials of abnormal genitourinary exams. 21 Taken together, these studies suggest that the current education of the DRE in medical school and residency can be improved. At present, in our institution, we teach medical and nurse practitioner students to systematically search the entire prostate but not how to do so. Resident DRE training falls into the apprenticeship category with attending urologists performing a rectal examination after the resident and describing what was palpated. This discussion centers more on clinical diagnosis rather than palpation techniques, perhaps to the resident's detriment. Furthermore, this method provides no feedback to the resident as to what his or her finger actually palpated but rather only what the attending urologist felt the resident should have palpated. Such instruction differs from offering specific techniques as in the breast examination (eg, the use of a global coverage pattern of vertical strip or radial spoke), where global (and local) techniques increase rates of detection. 13 The finding that particular LFM patterns (firm pressure with varying intensity) were linked with the detection of the smallest lesions is provocative. Although the analysis of patterns here is our first effort to determine how to instruct learners, the logical next step is to discern whether experienced urologists use these same palpation patterns in the clinical arena. We are pursuing these experiments. If repetitive patterns are uncovered among experienced urologists, then these palpation techniques can be systematically taught and may improve DRE education for all health care practitioners. Also of note is that from the perspective of future training, we seek to tighten links to what will be encountered in the clinic. Toward that end, we sought here to use sets of tumors and abnormalities of a variety of sizes, depths, hardness, etc. that lie, as reported elsewhere, 18 within a reasonable level of detectability.
Study Limitations
There are some limitations to the study and algorithmic methods. First, our sample population included residents and nurse practitioner students. Although this group has some clinical experience, a further study should be extended to experienced, attending urologists to further validate these outcomes. Second, the finger palpation techniques that were quantified here relate directly to the clinical literature, but there may yet be other techniques, currently unknown, which could also be of interest. Third, we used two proctors in the study, one to record participants' answers and the other to operate the simulator. Although recording in writing a participant's verbal answers might tend to introduce bias, we used a standardized score sheet, trained the proctors, and ensured that the proctor to which the participant reported was blind to the abnormality being presented. This was done because it was awkward for the participants to write while conducting multiple sequential exams with a glove and surgical lube.
